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1. Plants defend themselves against diverse communities of herbivorous insects. 
This	requires	an	investment	of	limited	resources,	for	which	plants	also	compete	
with neighbours. The consequences of an investment in defence are determined 
by the metabolic costs of defence as well as indirect or ecological costs through 
interactions	with	other	organisms.	These	ecological	costs	have	a	potentially	strong	







3.	 To	this	end,	we	utilised	a	functional-structural	plant	(FSP)	model	of	Brassica nigra 
that	 simulates	 plant	 growth	 and	 development,	 morphogenesis,	 herbivory	 and	
plant	defence.	 In	 the	model,	a	 simulated	 investment	 in	defences	affected	plant	
growth	by	competing	with	other	plant	organs	for	resources	and	affected	the	level	
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1  | INTRODUC TION
In	natural	settings,	plants	are	part	of	complex	communities	of	her-
bivores	 and	 neighbouring	 plants	 that	 shape	 the	 adaptive	 value	 of	
growth	and	defence-related	traits	(de	Vries,	Evers,	&	Poelman,	2017;	
Lankau	 &	 Strauss,	 2008;	 Poelman,	 2015).	 The	 interactions	within	
these	communities	give	rise	to	trade-offs	in	growth	and	defence	that	
maximise	fitness	while	responding	to	a	variable	environment	(Züst	&	
Agrawal,	2017).	Direct	 competition	between	 two	plant	 traits	over	
the	limiting	pool	of	an	individual’s	internal	resources	is	perhaps	the	














Heil	 &	 Baldwin,	 2002;	 Koricheva,	 2002;	 Strauss,	 Rudgers,	 Lau,	 &	
Irwin,	2002).	The	expression	of	costs	through	interactions	between	
the	plant	and	biotic	or	abiotic	conditions	in	its	environment	can	be	









iological	 and	 ecological	mechanisms	 driving	 plant–plant–herbivore	
interactions	(de	Vries	et	al.,	2017).
The	 interaction	 between	 physiological	 and	 ecological	 costs	 is	
apparent	in	the	synthesis	and	allocation	of	plant	chemical	defences	
against	 insect	 herbivores.	 Plants	 are	 known	 to	 exhibit	 a	 stronger	
defence	 response	 in	 younger	 leaves	 (Koricheva	 &	 Barton,	 2012),	
which	 follows	 the	allocation	of	key	nutrients	 such	as	nitrogen	 to-
wards	 plant	 parts	 that	 are	most	 favourably	 positioned	 relative	 to	
resource	 gradients	 (Hikosaka	 et	 al.,	 2016;	 Hirose,	 2005;	 Hirose,	
Werger,	Pons,	&	Rheenen,	1987;	McKey,	1974).	This	 local	pattern	
of	 defence	 expression	 offers	 potential	 benefits	 to	 the	 plant	 if	 it	
results	 in	dispersing	herbivore	damage	within	 the	plant	 and	 away	
from	most	valuable	tissues	(Cipollini	et	al.,	2014).	However,	the	re-
sponse	of	a	herbivore	to	a	plant’s	defence	expression	depends	on	
that	 herbivore’s	 sensitivity	 to	 plant	 taxon-specific	 secondary	me-
tabolites,	which	differs	greatly	between	herbivore	species	(Bennett	
&	Wallsgrove,	 1994).	 Those	 that	 have	 specialised	 on	 a	 particular	
host-plant	 taxon	 are	more	 resistant	 to	 the	 defensive	mechanisms	
adopted	 by	 that	 taxon,	making	 them	 less	 susceptible	 to	 the	 toxic	
or digestive reducing function of the defensive secondary metab-





























costs	 imposed	 by	 herbivore	 damage	 and	 intergenotypic	 competi-
tion	for	light	to	exceed	the	direct	costs	of	plant	defence,	resulting	
in	a	 stronger	 impact	on	plant	 fitness.	We	also	aim	 to	 (b)	quantify	
the	direct	benefits	of	plant	defence	through	a	reduction	or	redis-
tribution of herbivore damage, as well as the ecological effect of 
this	benefit	under	 intergenotypic	competition	for	 light.	Finally	 (c),	
we evaluate the level of benefits required to outweigh the direct 
and	ecological	costs	of	plant	defence,	at	which	point	plant	defence	
becomes	adaptive	to	the	plant.	We	expect	plant	defence	to	be	es-





approach	 allows	 for	 the	 simulation	 of	 individual	 plants	 that	 grow	
and	 compete	 for	 resources	with	 neighbouring	 plants.	 Functional-
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2  | MATERIAL S AND METHODS
2.1 | Model description
To	 elucidate	 the	 interaction	 between	 plant	 competition	 for	 light,	
herbivory	and	plant	defence,	we	expanded	the	plant–herbivore	FSP	
model of Brassica nigra	 described	 previously	 (de	 Vries	 et	 al.,	 2018),	
which	 is	developed	 in	 the	modelling	platform	GroIMP	 (Hemmerling,	
Kniemeyer,	Lanwert,	Kurth,	&	Buck-Sorlin,	2008).	This	model	has	been	
parameterised	 and	 validated	 using	 detailed	 field	 measurements	 on	
B. nigra	architecture,	growth	and	development,	biomass	and	seed	yield.	
In	 summary,	 this	 three-dimensional	model	mechanistically	 simulates	
aboveground	plant	growth	and	competition	for	light	through	source-








assimilates	produced	with	photosynthesis	 (Atotal,	 in	g)	 towards	 the	
biosynthesis	and	maintenance	of	plant	defence.	The	remaining	as-
similates (Agrowth,	in	g)	are	allocated	to	the	maintenance	of	standing	
biomass and the growth of new biomass.
In	the	model,	herbivory	is	represented	by	a	rate	of	damage	to	an	
individual	 leaf	 over	 time	 as	 a	 function	 of	 leaf	 area	 (Feeny,	 1976;	
Johnson	&	Agrawal,	2005;	Schoonhoven	et	al.,	2005),	capturing	the	








function that describes the total amount and distribution of herbi-
vore	damage	within	 the	plant	 (Equation	2).	The	rate	of	damage	by	
herbivory	on	 the	 leaf	 level	per	growing	degree	day	 (GDD)	 (dmg,	g	
leaf	biomass/GDD)	is	calculated	using	the	leaf	biomass	(b,	in	g),	the	
relative	leaf	rank	(r),	the	herbivore	distribution	(h, value from 0 to 1, 






Equation	 2	 was	 simplified	 for	 undefended	 plants	 where	 the	
damage	reduction	by	plant	defence	equals	0	and	the	herbivore	dis-
tribution	 parameter	 equals	 0.2,	 which	 represents	 herbivore	 pref-
erence	 for	 young	 leaves	 in	 the	 absence	 of	 defence	 (Cates,	 1980;	
Schoonhoven	et	al.,	2005):
This function allows for simulation of different scenarios of costs 
and	benefits	of	plant	defence,	which	are	described	in	the	next	section.	
Plant defence affects the total amount of herbivore damage, describ-






we assume a distribution of herbivore damage that favours young 









with	10,000	plants	 for	 light	model	calculations,	where	every	 indi-
vidual	plant	is	represented	625	times	at	regular	intervals.	The	light	
intercepted	during	a	 time	step	by	an	 individual	plant	 is	 calculated	
as	 the	average	 light	 interception	of	 its	 clones.	This	method	evens	
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plot	as	the	the	clones	of	an	individual	plant	occupy	a	large	variety	
of locations both close to and far away from the borders of the 
field.	Simulations	ran	from	the	31st	of	March	to	the	2nd	of	August	
(124	days),	with	average	daily	temperature,	average	daily	insolation	
and	solar	angle	typical	 for	 the	Netherlands	at	a	 latitude	of	52	de-
grees	(Evers	et	al.,	2010;	Zhu	et	al.,	2015).
2.3 | Scenarios: Direct and ecological costs of plant 
defence (i)
To	quantify	the	impact	of	plant	defence	on	plant	fitness,	we	imposed	






that	 act	 as	 a	 control,	 providing	 a	 baseline	 measure	 of	 plant	
fitness	 to	 which	 the	 following	 treatments	 are	 compared.




lated	monostands	of	plants	 that	 invested	 in	defence	and	suf-
fered low (c	=	0.005)	 or	 high	 (c	=	0.01)	 herbivore	 damage,	
without receiving benefits for their investment in defence 




5.	 To	 quantify	 the	 combined	 effect	 of	 herbivore	 damage	 and	 in-




(h = 0.2, d	=	0,	Equation	2).





in	monostands	 to	 determine	 the	 direct	 benefits	 of	 plant	 defence	
and	 in	mixtures	 to	determine	 the	ecological	benefits	of	plant	de-
fence.	Both	 the	monostands	and	mixtures	were	 subjected	 to	 low	
(c	=	0.005)	or	high	 (c	=	0.01)	herbivore	damage,	and	we	simulated	




2.5 | Scenarios: Costs and benefits of plant defence 
(iii)
To	quantify	when	 the	benefits	of	plant	defence	outweigh	 the	 total	
costs	of	plant	defence,	we	simulated	mixtures	of	defended	and	un-
defended	 plants	 where	 all	 plants	 suffered	 low	 (c	=	0.005)	 or	 high	
(c	=	0.01)	 herbivore	 damage	 and	 where	 the	 defended	 plants	 allo-
cated	15%	of	the	assimilates	produced	by	photosynthesis	to	defence	
(Bekaert	 et	 al.,	 2012).	We	 assumed	 that	 plant	 defence	 can	 reduce	
damage	as	well	as	change	the	distribution	of	damage	within	the	plant	
from	younger	towards	older	leaves.	To	quantify	the	importance	of	re-





herbivore damage (d	=	0),	 the	distribution	of	which	was	 skewed	 to-







1.	 To	 quantify	 the	 direct	 costs	 of	 plant	 defences,	 we	 simulated	
monostands	 of	 undefended,	 undamaged	 control	 plants	 to	 act	
as	 a	 baseline	 for	 plant	 fitness.	 To	 quantify	 the	 ecological	 costs	
of	 plant	 defences,	 we	 simulated	 mixtures	 of	 defended	 and	
undefended	 plants,	 using	 the	 undefended	 plants	 to	 act	 as	 a	
baseline	 for	 the	 fitness	 of	 the	 defended	 plants.	 We	 calculate	
the	 costs	 imposed	 by	 a	 given	 treatment	 (C,	 %	 yield	 decrease)	
by	comparing	the	yield	of	the	treatment	(YieldT)	to	the	baseline	
yield	 of	 the	 control	 plants	 (YieldC).
2.	 To	quantify	the	direct	benefits	of	plant	defences,	we	simulated	
monostands	of	undefended	plants	facing	low	or	high	herbivore	
damage	 to	 act	 as	 a	 baseline	 for	 plant	 fitness.	 To	 quantify	
the	 ecological	 benefits	 of	 plant	 defences,	 we	 simulated	 mix-
tures	 of	 defended	 and	 undefended	 plants	 facing	 low	 or	 high	
herbivore	 damage	 and	 used	 the	 undefended	 plants	 to	 act	 as	
a	baseline	for	the	fitness	of	the	defended	plants.	We	calculate	
the	 benefits	 provided	 by	 a	 given	 treatment	 (B,	 %	 yield	 in-
crease)	 by	 comparing	 the	 yield	 of	 the	 treatment	 (YieldT)	 to	





















3.1 | Direct and ecological costs of plant defence (i)
The	direct	effect	of	investing	in	plant	defence	on	plant	fitness	was	pro-
portional	to	the	percentage	of	photosynthesis	that	was	invested	in	de-
fence	 (Figure	 2a).	 Intergenotypic	 competition	with	 undefended	 plants	
had	a	disproportionately	strong	negative	effect	on	the	yield	of	defended	
plants	in	the	absence	of	herbivory	(F	=	64.9,	p	<	0.001;	Figure	2a).	The	di-
rect effect of herbivore damage decreased with an increasing investment 




area. This mechanism also led to herbivore damage reducing the negative 
effect	 of	 intergenotypic	 competition	 (F	=	27.6,	 p	<	0.001;	 Figure	 2b,c).	
Herbivore	damage	balanced	the	yield	differences	between	defended	and	
undefended	 plants	 that	 emerged	 from	 intergenotypic	 competition,	 as	
competitively	strong	plants	suffered	more	herbivore	damage	due	to	their	
larger	size.	Intergenotypic	competition	still	reduced	the	yield	of	defended	
plants	when	suffering	low	rates	of	herbivore	damage	(F	=	13.7,	p < 0.001; 
Figure	2b),	but	had	no	effect	on	the	yield	of	defended	plants	under	high	
rates of herbivore damage (F	=	0.9,	p	=	0.35;	Figure	2c).
3.2 | Benefits of plant defence (ii)
The	 direct	 benefits	 of	 plant	 defence,	 illustrated	 by	 a	 plant	 facing	
intragenotypic	 competition,	 were	 apparent	 both	 when	 reducing	
(F	=	53.7,	p	<	0.001;	Figure	3a,b,c)	and	when	redistributing	(F	=	25.6,	
p	<	0.001;	Figure	3a,b,c)	herbivore	damage,	but	the	fitness	benefits	
were far more substantial under high than under low levels of herbi-
vore damage (F	=	323,	p	<	0.001;	Figure	3a,b,c).	In	plants	that	faced	
low	 levels	 of	 herbivore	 damage	 and	 intergenotypic	 competition	
with	undefended	plants,	 these	direct	 benefits	 translated	 to	 an	 in-
direct benefit when reducing herbivore damage (F	=	148,	p < 0.001; 
Figure	3d,e,f),	but	not	when	redistributing	herbivore	damage	(F = 2.2, 
p	=	0.11;	Figure	3d,e,f).	Under	high	levels	of	herbivore	damage,	the	
direct benefits translated to an indirect benefit both when reducing 
herbivore damage (F = 210, p	<	0.001;	Figure	3d,e,f)	and	when	redis-
tributing herbivore damage (F	=	3.1,	p	<	0.05;	Figure	3d,e,f).
3.3 | Costs versus benefits of plant defence (iii)
To quantify the level of benefits required to balance the investment 
costs	of	plant	defence,	we	simulated	mixed	stands	of	defended	and	
undefended	plants	in	which	plant	defence	changed	the	distribution	




in	at	 least	a	30%	reduction	 in	herbivore	damage	 (Figure	4).	Under	
high	levels	of	herbivory,	defended	plants	out-competed	their	unde-
fended	 neighbours,	 resulting	 in	 a	 positive	 net	 benefit,	when	 their	
defence resulted in at least a 10% reduction in herbivore damage 
(Figure	4).	Alternatively,	when	the	presence	of	defence	drove	her-
bivores	 away	 from	 young	 leaves,	 skweing	 the	 herbivore	 distribu-
tion	 towards	 old	 leaves,	 the	 defending	 plants	 out-competed	 their	
undefended neighbours regardless of the herbivore damage reduc-
tion	(h=0.8,	Figure	4c).	These	tipping	points	cannot	be	explained	by	
the direct costs and benefits of defence as the fitness decrease as 
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to	 differences	 in	 plant	 fitness	 under	 low	 levels	 of	 herbivore	 dam-
age (p	=	0.43,	Figure	4),	but	could	lead	to	an	increase	in	plant	fitness	
under high levels of herbivore damage (F	=	9.5,	p	<	0.005,	Figure	4).	
These	differences	 in	herbivore	distribution	did	affect	 the	plant,	as	
shown by the final biomass of leaves, which was affected by the her-
bivore distribution such that the final leaf biomass was inversely cor-
related	with	herbivore	damage	distribution	(Supporting	Information	
Figure	S1).





standard error of the mean





Error bars show standard error of the mean
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4  | DISCUSSION
We	 show	 that	 the	 indirect	 costs	 and	 benefits	 of	 plant	 defence	
through	 ecological	 interactions	 are	more	 important	 than,	 and	 dis-
proportionate	 to,	 the	effects	of	 direct	 costs	 and	benefits	 of	 plant	
defence	on	plant	fitness.	Our	results	show	that	the	direct	costs	of	





competition	 had	 the	 strongest	 impact	 on	 plant	 fitness	 among	 the	




of	 resources	 (Weiner,	 1990;	 Freckleton	&	Watkinson,	 2001)).	 The	
model	assumed	that	herbivore	damage	scaled	with	leaf	area,	making	
it	dependent	on	plant	size	(Feeny,	1976;	Johnson	&	Agrawal,	2005;	
Schoonhoven	et	 al.,	 2005).	This	 led	 to	 a	decrease	 in	 the	effect	of	
herbivore damage on yield with an increasing investment in defence 




to assume that herbivore damage did not scale with leaf area and 
remained	constant	regardless	of	plant	size,	herbivore	damage	would	





young	 leaves	 to	older	 leaves	netted	 the	defended	plants	 a	 fitness	
benefit	only	under	high	levels	of	herbivore	damage	(Figures	3	and	4).	
An	earlier	study	addressing	an	isolated	plant–herbivore	interaction	
rather than the aggregated effect of an entire herbivore community 
found	that	damage	to	young	leaves	was	more	detrimental	to	plant	
fitness	than	damage	to	old	leaves	(de	Vries	et	al.,	2018).	This	earlier	
study simulated severe herbivore damage, as the herbivore damage 
was	concentrated	in	a	small	period	of	time	rather	than	spread	over	
the	 entire	 development	 of	 the	 plant.	 This	 shows	 that	 the	 isolated	
effect	of	a	single	plant–herbivore	interaction	at	a	given	point	during	
the	plant’s	development	can	be	very	different	from	the	aggregated	
effect of an average herbivore community over the entirety of the 
season.	 In	 the	 context	 of	 temporally	 dispersed	 rather	 than	 tem-
porally	 concentrated	herbivore	damage,	our	 results	 show	 that	 the	
adaptive	 value	 of	 plant	 defence	 in	 a	 competitive	 environment	 re-
lies	on	reducing	herbivore	damage	rather	than	dispersing	herbivore	
damage	 (Figure	 4).	Generalist	 herbivores	 are	 highly	 susceptible	 to	
plant	defence	and	are,	therefore,	severely	hampered	in	their	growth	
and	 survival	 by	 taxon-specific	 secondary	metabolites	 (Gols	 et	 al.,	
2008;	 Poelman,	 Broekgaarden,	 Loon,	 &	 Dicke,	 2008).	 However,	
most	 specialist	 herbivores	 are	 mildly	 hampered	 by	 the	 plant’s	
defence	(Poelman	et	al.,	2008;	Wei,	Vrieling,	Mulder,	&	Klinkhamer,	
2015),	 despite	 feeding	 from	 well	 defended	 yet	 highly	 nutritional	
young	leaves	(Cates,	1980;	Feeny,	1976).	This	leads	us	to	predict	that	








herbivores is further strengthened by the role of secondary me-



















Plants	growing	 in	high	densities	maximise	 their	 ability	 to	 com-
pete	 for	 light	 through	 a	 suite	 of	 morphological	 changes	 such	 as	
increased	 internode	 elongation	 and	 leaf	 hyponasty,	 termed	 the	
shade	avoidance	syndrome	(Ballaré	&	Pierik,	2017;	Fraser,	Hayes,	&	
Franklin,	2016).	These	morphological	changes	are	regulated	by	the	
ratio	of	red	to	far-red	 (R:FR)	 light	 in	the	spectrum	reflected	within	
a	 canopy,	which	 is	 a	 robust	 signal	 of	 neighbour	 presence	 as	 plant	
tissues	readily	absorb	red	light	while	the	far-red	light	is	reflected	or	
transmitted	(Ballare,	Scopel,	&	Sanchez,	1990).	This	low	R:FR	signal	





pressure	 between	 herbivory	 and	 competition,	 and	 multiple	 func-
tions	of	this	mechanism	to	regulate	the	plant	phenotype	have	been	
identified	(de	Vries	et	al.,	2017).	The	most	obvious	function	of	this	




this	mechanism	 could	 be	 a	means	 of	 optimal	 defence	 partitioning	
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away	 from	 younger	 and	 more	 valuable	 leaves.	 A	 third	 possibility	
is	a	mechanism	to	 reduce	plant	defence	expression	as	a	whole,	 to	
decrease	 plant	 attractiveness	 to	 specialist	 herbivores	 (Poelman	 &	
Kessler,	2016),	which	are	potentially	more	harmful	to	plant	compet-
itiveness	than	generalist	herbivores	 (de	Vries	et	al.,	2018).	Each	of	














tion	 in	 a	 single	 ecological	 setting	 to	 highlight	 the	 importance	 of	
studying	these	interactions	to	understand	the	way	plants	function.	
We focussed on Brassica nigra	as	a	model	plant,	which	warrants	the	
chosen set of conditions as it often occurs in dense monostands. 
However,	the	growing	conditions	faced	by	other	plant	species	are	
likely	very	different	from	those	of	B. nigra. We focussed on a single 
form	of	competition,	for	light,	while	plants	compete	for	a	plethora	















defence	 is	 to	 place	 more	 emphasis	 on	 the	 temporal	 aspects	 of	
plant–herbivore	 interactions.	 The	 expression	 of	 defences	 on	 the	
plant	level	changes	during	the	development	of	the	plant	and	is	more	
variable	 than	can	be	expected	based	on	 the	ontogenetic	defence	




more	 devastating	 to	 plant	 fitness	 as	well	 as	 the	 plant’s	 ability	 to	
out-compete	neighbours	than	an	 infestation	 in	 later	stages	of	de-
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